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Abstract

The solid electrolyte interphase (SEI) is a key property of lithium-metal batte-
ries (LMBs), affecting their Coulombic efficiency, rate capability, and cycle life.
However, conventional SEIs, primarily formed by the decomposition of lithium
salts and fluorinated additives to create inorganic-dominant interphases, suffer
from inhomogeneous Li deposition and low ionic conductivity. These intrinsic
drawbacks accelerate severe side reactions with the electrolyte, cause rapid
capacity fading and accumulation of dead Li, and present safety concerns, par-
ticularly under elevated current density. In this study, we unravel the essential
role of the SEI on the Li-metal anode in LMBs by creating a conjugation-
mediated and polarity-switchable interfacial architecture. The thiophene-
embedded polymer-like SEI, formed by in situ electrochemical oligomerization
of thiophene, enhances Li" ion conductivity by coordinating with lone electron
pairs in sp® orbitals. Concurrently, the conjugated = systems involving sp”
hybridized C=C bonds and S atoms enable switchable polarity of p, orbitals,
facilitating dynamic electron-cloud redistribution during Li plating and strip-
ping. This orbital-level adaptability accelerates Li" migration, suppresses den-
dritic growth, and stabilizes the Li-metal surface under high-current operation.
This study establishes a new paradigm in orbital-engineered interfacial design
in LMBs, bridging molecular-scale electronic polarization with macroscopic
fast-charging stability. Furthermore, our study underscores that fine-tuning the
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1 | INTRODUCTION

Li metal has gained prominence as a compelling alterna-
tive to replace high-end anodes, such as graphite-Si com-
posites, owing to its exceptional theoretical capacity
(3860 mAh g ").!~® However, its inherently high chemi-
cal reactivity, which results in critical limitations in the
cyclability and safety of Li-metal batteries (LMBs),
restricts its practical implementation.*® Creating a solid
electrolyte interphase (SEI) with adequate mechanical
robustness and ionic conductivity in LMBs is a formida-
ble challenge.””® The physically deposited SEI lacks suffi-
cient mechanical integrity to withstand the volumetric
stress during repeated Li plating and stripping.'®"!
Microcracks are thus formed in the SEI, which serve as
preferential sites for inhomogeneous Li plating.'*™*> Fur-
thermore, the low ionic conductivity of the uncontrolled
SEI severely impedes ion transport efficiency, which
induces sluggish Li" ion movement and increases resis-
tance in LMBs. These detrimental behaviors cause irre-
versible capacity loss and degradation of the overall
electrochemical performance of LMBs.'®'® Under ele-
vated C-rates, Li-metal anodes suffer from non-uniform
current distribution across the SEI, forcing localized Li"
transport through a low-ionic resistance region and accel-
erating dendritic Li growth.'®"*' Moreover, as the cathode
areal capacity is increased to achieve high energy density,
the corresponding rise in current density at the Li-metal
surface further accelerates dendritic Li growth
(Equation 1).2>7%®

2 2
Twﬂp<ﬁ> (’M) _ 1)
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Consequently, recent strategies have focused on
designing SEIs for fast-cycling LMBs.***° Nevertheless,
most reported strategies focus on forming inorganic-
dominant SEIs derived from Li salt and fluorinated addi-
tive decomposition. Although such interphases can
enhance interfacial stability, their fast-cycling effective-
ness remains largely unverified under practical condi-
tions, as evaluations are typically conducted using LMBs
with low-areal-capacity cathodes (Table S1).

properties of the SEI and the cathode electrolyte interphase is key to unlocking
the transformative potential of LMBs for practical applications.

cathode electrolyte interphases, electrolyte additives, fast cycling, lithium metal, nickel-rich
cathodes, solid electrolyte interphases

Among the diverse additives, thiophene is reportedly
key in cathode stabilization, as it facilitates the formation
of the ionic conductive cathode electrolyte interphase
(CEI). Unfortunately, previous studies related to thio-
phene have largely been confined to configurations with
extremely low mass loading of cathodes and limited
charge/discharge rates. These restrictions have hindered
the practical application of fast-cycling performance in
high-energy LMBs.*'~**

Herein, through interfacial engineering incorporating
the heterocyclic compound thiophene, we present
groundbreaking structural tuning of the SEI and CEI
architecture to enable stable cycling at high C-rates in
LMBs based on a high areal capacity of 4.1 mAh cm ™2 of
the LiNig¢Co0g9sMng 50, (NCM90) cathode. In contrast
to the anion-derived SEI and the polymeric SEI formed
by fluoroethylene carbonate (FEC) and vinylene carbon-
ate (VC), the thiophene-embedded polymer-like inter-
phases achieve fast and homogeneous Li plating/
stripping behavior (Figure 1A-C). The conjugated oligo-
mer network within the thiophene motifs not only cre-
ates an electron-rich microenvironment through the
conjugated = orbitals of the C=C bonds and S atoms but
also enables dynamic electron-cloud rearrangement via
polarity switching of p, orbitals, which facilitates Li* ions
attraction and promotes uniformly redistributing elec-
trons across the Li-metal surface. This process enhances
Li* ion transport while mitigating dendritic Li formation
during cycling (Figure 1D). The repeated structure of the
thiophene-embedded polymer-like interfaces collectively
accelerates interfacial Li* ion transfer kinetics on Li-
metal anodes.*>*’ Moreover, thiophene ensures suffi-
cient interfacial stability of the NCM90 cathodes by
modulating the CEI composition, thereby maintaining
the structural integrity over high C-rate cycling in LMBs.
Thus, this work establishes a new paradigm in orbital-
engineered interfacial chemistry by introducing a
conjugation-mediated and polarity-switchable interfacial
architecture of thiophene-embedded polymer-like SEI.
Compared with previous studies, the proposed method
enables high energy-density LMBs using NCM90 cath-
odes with a high areal capacity of 4.1 mAh cm ™2, demon-
strating exceptional cyclic stability under a low
electrolyte/capacity (E/C) ratio of 1.5 g Ah™' and a high
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vinylene carbonate.

current density of 8.2 mA cm 2. Furthermore, large-area
pouch cell assessments were performed, demonstrating
the scalability and reliable performance of the developed
electrolyte system under practical conditions involving
high current densities.

2 | RESULTS AND DISCUSSION

2.1 | Optimization of SEI architecture
for rapid cycling in LMBs

Compared to N,N-dimethylsulfamoyl fluoride (FSA),
containing a fluorosulfonyl functional group and having
a weak solvating ability toward Li*, 1,2-dimethoxyethane
(DME) exhibited a stronger solvating ability, enabling the

formation of Li"-DME coordination complexes within
the solvation sheath of 3 M lithium bis(fluorosulfonyl)
imide (LiFSI) in a DME electrolyte (Figure S1). The slug-
gish desolvation of these complexes accelerated DME
decomposition, forming an organic-dominant SEI layer
on Li-metal anodes (Figures S2 and S3). By contrast,
using 3 M LiFSI in FSA completely altered the interfacial
engineering, facilitating the formation of robust, LiF-
enriched SEI on Li-metal anodes. The baseline
electrolyte—3 M LiFSI in FSA—demonstrated improved
cycling stability compared with that of 3 M LiFSI in DME
(denoted as 3 M DME) (Figures S4 and S5). Notably, the
baseline electrolyte enabled stable Li plating/stripping
with high Li* reversibility at low current density
(Figure S6). Furthermore, FSA, which has better oxida-
tion durability than DME, effectively suppressed

85U8017 SUOWWIOD AIIeID) 8|qeol(dde 8y} Ag peusenob a1e sooile VO ‘8sN J0 S8|nJ o} Akeiq18uljUO AB|IA UO (SUONIPUCO-PUB-SWBIW0D A8 1M Ate.q 1 |BulUoy/:SAny) SUONIPUOD pue swie | 8y} &8s *[9202/20/8T] Uo A%lq8ulluo A8]Im ‘JO @InMisu| euolieN ues|n Aq 9ZT0L ZIUl/Z00T OT/I0p/wod A8 i Akeidijeul|uo//sdny wouy pepeojumod ‘0 ‘G9TEL952



sz | WILEY.

LEE ET AL.

oxidative electrolyte decomposition under charging-
voltage conditions of 4.25V versus Li/Li™, thereby
enhancing the cycle performance of Li/NCM90 full cells
at a moderate C-rate of C/3 (Figures S7-S9).>°>* How-
ever, as the cycling rate increased from C/3 to 2 C, the
LiF-rich SEI impeded Li" ion transport, leading to an
abrupt decrease in the discharge capacity and severe fluc-
tuations in the Coulombic efficiency (CE) in LMBs
containing the baseline electrolyte (Figure S10).
According to Sand's law, Li" ion mobility, which is lim-
ited by the high-resistance SEI, may accelerate dendritic
Li growth under high current densities (Equation 1).

In this regard, optimizing the interfacial structures to
enhance Li* ion transport was crucial for attaining stable
performance in LMBs under rapid cycling conditions with
a high areal capacity of the cathodes. To construct robust
electrode-electrolyte interfaces, 1 wt.% of FEC, VC, or
thiophene was utilized as an additive in the baseline elec-
trolyte, hereinafter referred to as FEC, VC, and thiophene-
based electrolytes, respectively. The additive concentration
was optimized through a series of electrochemical evalua-
tions and surface characterization analyses of the Li-metal
anodes, as shown in Figures S11-S16. In contrast to the
other additives, thiophene, owing to its narrow energy
bandgap and lower adsorption energy toward Li-metal,
preferentially formed interfacial layers on both electrodes
in LMBs (Figures 2A-D, S17, and S18). X-ray photoelec-
tron spectroscopy measurements confirmed the creation of
a C—S-based interfacial layer in both the Li-metal anode
and NCM90 cathode, which is attributed to the electro-
chemical decomposition of thiophene (Figures S19 and
S20). To elucidate the detailed mechanism and structure
of the thiophene-driven SEI on Li-metal, density func-
tional theory (DFT) calculations were utilized (Figure 2C).
In this process, thiophene, upon accepting electrons from
the Li-metal, formed a C-centered radical and underwent
polymerization through interaction between thiophene
radicals. Two possible dimerization pathways of C—C and
C—S bonding revealed formation energies of —0.69 and
2.92 eV, respectively, indicating that polymerization is
thermodynamically more favorable via C—C bond cou-
pling. Based on these results, the polymerization reaction
mechanism of thiophene radicals was further investigated
(Figure 2D). A trans-binary structure (thiophene-
thiophene radical) formed when one thiophene radical
formed a C—C bond with another; the exothermic process
suggests that higher-order polymeric structures can be
generated through similar reactivity. Subsequently, the
interaction between these polymeric SEIs and Li was
investigated by calculating the adsorption energies of
poly(FEC), poly(VC), and poly(thiophene) in the presence
of Li atoms (Figure 2E-G). The calculated adsorption ener-
gies of —0.34, —0.37, and —1.43 eV, respectively, indicate

that poly(thiophene) exhibits a markedly stronger affinity
for Li relative to those of the other polymer networks,
suggesting more efficient Li* transport in thiophene-based
SEI (Figure 2H). Notably, by integrating these theoretical
findings, time-of-flight secondary ion mass spectrometry
(TOF-SIMS) spectra demonstrated polymerization-specific
signals at m/z = 84, 164, and 244 on the Li-metal anode
precycled in the thiophene-based electrolyte (Figure S21).
By contrast, the baseline electrolyte did not display notable
peaks beyond Cs. In contrast to the baseline electrolyte,
which primarily formed inorganic-rich SEI via the decom-
position of LiFSI and FSA solvent, the thiophene-based
electrolyte underwent reductive decomposition, resulting
in the creation of polymeric SEI on the outermost surface
of the Li-metal anodes (Figure S22). Ex situ Raman spec-
troscopy further corroborated the structural characteriza-
tion of the thiophene-embedded polymer-like SEI, where
an airtight cell was utilized to minimize potential alter-
ations in the SEI components caused by air exposure
(Figures S23 and S24). The thiophene-embedded polymer-
like SEI displayed C—C and C=C vibrational features
analogous to those observed in poly(3-octylthiophene-
2,5-diyl) (P;OT), which consists of repeating thiophene
units. Interfacial-property analyses and DFT computations
revealed that the thiophene-embedded polymer-like SEI
comprised repetitive arrangement of the thiophene motifs.
In addition, Raman spectroscopy identified a characteristic
trans-type C—C coupling band, consistent with DFT-
predicted oligomeric structures, validating the presence of
thiophene-derived conjugated oligomers within the
SEL>*7° To extend these insights, model polymers with
different repeating units were introduced into the baseline
electrolyte, and Li/Li symmetric cells were used to exam-
ine interfacial resistance (Figure S25). Impedance mea-
surements revealed that poly(propylene sulfide) offered
lower resistance than poly(propylene carbonate), which
comprises ester groups. Notably, P;OT significantly
reduced the interfacial resistance of Li/Li symmetric cells,
underscoring the advantageous role of the thiophene-
embedded polymer-like SEI in facilitating efficient Li"
transfer at the Li-metal anode. Collectively, these experi-
mental and theoretical results demonstrate the polymeri-
zation of thiophene radicals via C—C bond formation to
yield a highly Li* ionic conductive SEI, thereby enhancing
the interfacial kinetics and long-term stability of Li-metal
anodes under rapid cycling conditions.

2.2 | Liplating and stripping behavior
under high current densities

Thiophene underwent in situ electro-oligomerization
during the charging process, forming multiple
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FIGURE 2 Formation principles of a thiophene-embedded polymer-like SEI on the Li-metal anode. (A) LUMO and (B) HOMO energy
diagrams of LiFSI, FSA, and additives. (C) Formation energy (AEgormation) Of the thiophene dimerization pathway of C—C and C—S bonding.
(D) Relative energy diagram of polymeric reaction starting from thiophene radicals to ternary thiophene. Adsorption structure of the Li atom
on (E) poly(FEC), (F) poly(VC), and (G) poly(thiophene). Note that adsorption sites for the Li atom are the thermodynamically most
favorable. (H) Adsorption energy (AEdsorption) Of poly(FEC), poly(VC), and poly(thiophene) with a Li atom. FEC, fluoroethylene carbonate;
FSA, N,N-dimethylsulfamoyl fluoride; HOMO, highest occupied molecular orbital; LiFSI, lithium bis(fluorosulfonyl)imide; LUMO, lowest
unoccupied molecular orbital; SEI, solid electrolyte interphase; VC, vinylene carbonate.

thiophene-linked polymeric species (Figure S21). To vali- stages of Li" plating/stripping process was conducted
date the switchable polarity of the thiophene-embedded (Figure 3A). The conjugated thiophene motifs, which
polymer-like SEI, orbital analysis across four representative consisted of an electron-rich environment, promoted
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(A) Schematic of representative stages of Li plating and stripping. Orbital composition analysis of poly(FEC), poly(VC), and poly(thiophene)
in (B) Li plating and (C) stripping, highlighting the contributions of frontier orbitals to Li* transport. (D) Sp> hybridized orbitals in
poly(FEC) and poly(VC). (E) Sp* hybridized orbitals in poly(thiophene). (F) Dominant orbital distributions of poly(FEC), poly(VC), and
poly(thiophene) in the Li plating and stripping process. Yellow and cyan lobes represent the positive and negative phases of the wave

function, respectively. FEC, fluoroethylene carbonate; SEI, solid electrolyte interphase; VC, vinylene carbonate.

uniform and rapid Li* transport by enabling dynamic
electron-cloud redistribution during Li plating/stripping
(Figures 3B-E and S26). These structural properties of the
thiophene-embedded polymer-like SEI were demon-
strated by the correlation between the orbital composi-
tion analysis of DFT calculation and Kelvin probe force
microscopy (KPFM) (Figure S27). The thiophene-
embedded polymer-like SEI induced switchable polarity
in the p, orbital orientation, which undergoes dynamic
rearrangement during Li plating/stripping (Figure 3F).
The orbitals illustrated in yellow and cyan correspond to

the positive and negative phases of the wave function,
respectively. In the case of poly(thiophene), the distribu-
tion of p, orbitals undergoes a distinct rearrangement
during the Li plating and stripping process, indicating
dynamic orbital polarization that facilitates Li* trans-
port across the interphase.

In contrast, SEIs derived from poly(FEC) and
poly(VC) consist of polymeric species aligned parallel
to the Li-metal surface, which lack polarity
switching during Li* migration and consequently
exhibit limited ion transport efficiency (Figure S28).
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The temperature-dependent charge-transfer kinetics
across the SEI were evaluated using the Arrhenius
equation®’>?:

k= Aerr, (2)

where k denotes the rate constant, A is the pre-
exponential factor, and E,, R, and T represent the activa-
tion energy, gas constant, and absolute temperature,
respectively. The SEI imparted by the baseline, FEC-
based, and VC-based electrolytes predominantly
restricted Li* transport, leading to elevated activation
barriers and increased interfacial impedance, which col-
lectively resulted in uneven Li plating (Figures S29-S31).
That is, the inorganic SEI formed by the baseline electro-
lyte, characterized by high activation energy and low
exchange current density, impeded Li* ion mobility and
resulted in uneven Li plating (Figure S32). Similarly, the
poly(FEC)- and poly(VC)-based SEI, which exhibited low
exchange current density and high elastic modulus,
restricted Li* ion transfer at the Li-metal anodes
(Figure S33). In contrast, the thiophene-embedded
polymer-like SEI facilitated efficient Li* transport,
enhancing charge-transfer kinetics and lowering the acti-
vation energy for Li* migration at the Li-metal interface.
This well-regulated interphases enabled uniform Li plat-
ing/stripping through the homogeneous distribution of
cathodic current density.

An ideal SEI should combine high ionic conductivity
with extremely low electronic conductivity in the range
of 107 to 107 **Scm ™! to effectively suppress parasitic
side reactions at the Li-metal.”” To assess the electrical
properties of SEI, conductive atomic force microscopy
(C-AFM) was utilized to record the current-voltage (i-V)
spectra over the bias range of —2 to +2 V versus Li/Li*
(Figure S34). Except for the VC-derived polymeric SEI,
which displayed a nonlinear current response through
electron transport, the other SEIs comprising the base-
line, FEC-based, and thiophene-based electrolytes
exhibited negligible ohmic currents, confirming insulat-
ing properties. Notably, the thiophene-embedded
polymer-like SEI enhanced rapid Li* ion conduction
while preserving low electronic conductivity of 2.7 pS
cm ', thereby facilitating uniform Li plating/stripping,
maintaining the homogeneity of the Li-metal surface,
and mitigating Li corrosion driven by electrolyte decom-
position (Figure S35). Poly(thiophene)—a well-known
semiconducting material—exhibits enhanced electronic
conductivity when it possesses extended conjugation over
more than six successive rings or undergoes p-type dop-
ing through oxidation.”®* However, the thiophene-
embedded polymer-like SEI formed under the reductive
environment of the Li-metal surface underwent radical

coupling reactions that primarily yield short-chain oligo-
mers, such as dimers and trimers, rather than extended
polymeric networks. Hence, this oligomeric SEI exhibited
intrinsically low electronic conductivity, as confirmed by
the absence of ohmic current in the C-AFM measure-
ments (Table S2). Consequently, the thiophene-
embedded polymer-like SEI enhanced Li* mobility by
generating an electron-rich microenvironment within
n-conjugated C=C bonds and S atoms, while stabilizing
the interfacial layer by effectively suppressing electron
transfer at the Li-metal surface.

This dual functionality of the thiophene-embedded
polymer-like SEI improved Li* charge-transfer kinetics
at the interface and controlled irreversible Li* consump-
tion during the Li plating/stripping across a wide
current-density range of 0.667-2 mA cm ™~ (Figures 4A-C
and S36-S40). By contrast, the LiF-rich SEI formed by
the baseline, FEC-based, and VC-based -electrolytes
lacked grain boundaries and structural irregularities that
typically serve as fast-ion conduction pathways,
exhibiting intrinsically low Li* ionic conductivity and
reducing Li plating/stripping reversibility while increas-
ing overpotential under a high current density of
2mA cm ? (Figures 4B, S19, and S38-S40).> Conse-
quently, after maintaining 0 V versus Li/Li* for 500 h,
the precycled Li/Cu cells containing the thiophene-based
electrolyte achieved superior CE (Figure S41 and
Table S3). Furthermore, at increasing stripping rates, the
enhanced Li" ion transport conferred by the thiophene-
embedded polymer-like SEI minimized irreversible Li
consumption compared with other electrolytes
(Figures S42 and S43 and Table S4). Notably, the
thiophene-embedded polymer-like SEI exhibited the low-
est impedance after cell assembly in the Li/Li symmetric
cell and suppressed further increase in impedance over
the storage time at 25°C (Figures 4D and S44). By inte-
grating time-dependent interfacial resistance measure-
ments with C-AFM analysis, we quantified the ionic and
electronic conductivities of the SEI (Figure S34). An ideal
SEI should exhibit high Li* ionic conductivity (>5 pS
cm ') while maintaining ultralow electronic conductivity
(<10 pS cm ™) to enable efficient Li* transport and sup-
press parasitic electron-driven side reactions. Our results
indicated that while the LiF-rich SEI formed by the base-
line, FEC-based, and VC-based electrolytes exhibited
extremely low ionic conductivities, the thiophene-
embedded polymer-like SEI demonstrated ionic conduc-
tivities exceeding 5 uS cm ™' (Figure 4E and Table S5).
Moreover, the relatively high electronic conductivity
observed in the SEIs derived from FEC and VC failed to
effectively block electron permeation, exacerbating side
reactions and capacity degradation at elevated current
densities (Figures 4A,E, S38, and S43). These findings
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SEI stability over a wide range of current densities. (A) CE of Li/Cu cells with the baseline, FEC, VC, and thiophene

electrolytes under 2 mA cm 2 and 2 mAh cm 2. Voltage profiles of Li/Cu cells from the 1st cycle to the 50th cycle with the (B) baseline and
(C) thiophene electrolytes. (D) Temporal change in the interfacial resistance of Li/Li symmetric cells with the baseline, FEC, VC, and
thiophene electrolytes. The fitting curves represent a nonlinear least-squares fit to a power law (Riygerface ¢ at¥). (E) Design guidelines for
ideal SEIs according to ionic conductivity and electronic conductivity. The blue region enables efficient Li* transport and suppresses
parasitic electron-driven side reactions. Cross-sectional SEM images of deposited Li morphology on Cu substrates extracted from Li/Cu cells

with the (F) baseline and (G) thiophene electrolytes after initial Li plating at 0.2 mA cm™2 and 2 mAh cm 2. CE, Coulombic efficiency; FEC,

fluoroethylene carbonate; SEI, solid electrolyte interphase; SEM, scanning electron microscopy; VC, vinylene carbonate.
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underscore the superior characteristics of the thiophene-
embedded polymer-like SEI in mitigating dendritic Li
growth and enhancing cycling stability at high current
density. Therefore, while the SEI derived by the baseline
electrolyte exhibited sluggish Li* ion transport, leading
to non-uniform Li plating, the thiophene-embedded
polymer-like SEI, with superior ionic conductivity and
ultralow electronic conductivity, served as a barrier to
mitigate unwanted reactions of the electrolyte with Li-
metal, thereby promoting uniform Li plating
(Figures 4F,G and S45).

The Li plating/stripping behavior was visualized in real
time and at multiple scales using in situ electrochemical
AFM (EC-AFM) and optical microscopy (OM)
(Figure 5).°°° A Li/Li symmetric cell was utilized to moni-
tor the surface evolution of Li-metal through topography
and OM imaging during cycling (Figure 5A). At the nano-
scale, AFM topography images revealed that the inorganic-
rich SEI formed by the baseline electrolyte exhibited
non-uniform Li behavior during cycling, with high contrast
within images (Figure 5B). This resulted in a highly uneven
Li-metal surface, with vertical Li growth reaching 943.5 pm
(Figure 5D). Similarly, the rigid polymeric SEI generated by
FEC- and VC-based electrolytes displayed heterogeneous Li
growth, consistent with the behavior observed for the base-
line electrolyte (Figure S46). Both electrolytes caused signifi-
cant surface irregularities due to non-uniform Li plating and
stripping behavior (Figure S47). By contrast, the
thiophene-embedded polymer-like SEI exhibited consistent
and uniform Li plating and stripping throughout the cycling
process (Figure 5C). This SEI significantly suppressed verti-
cal Li growth by enhancing the uniformity of Li plating and
stripping (Figure 5E). At the microscale, OM images
revealed black byproducts and small pits forming both
above on the Li-metal anodes during cycling. While the
baseline, FEC-based, and VC-based electrolytes led to sub-
stantial black byproduct accumulation floating above the
surface, the thiophene-embedded polymer-like SEI effec-
tively mitigated byproduct formation from electrolyte
decomposition at the Li-metal, maintaining a cleaner and
more uniform surface (Figure S48).

Collectively, although direct experimental observa-
tion of orbital-level polarity switching remains chal-
lenging owing to the nanoscale and ultrafast nature of
orbital polarization, the mechanism was substantiated
by multiple macroscopic interfacial properties that
corresponded closely to the trends predicted by DFT
simulations (Table S6). By broadening the interpreta-
tion beyond a simple increase in ionic conductivity,
this work established an electronic-structure-driven
rationale for the superior interfacial regulation
afforded by the thiophene-embedded polymer-like SEI
and underscored the essential role of conjugated,
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polarity-adaptive architectures in enabling fast and sta-
ble Li-metal cycling.

2.3 | Facile Li" ion transport through
the thiophene-derived CEI on NCM90
cathode

Thiophene, characterized by a higher highest occupied
molecular orbital (HOMO) energy level than FEC and
VC, preferentially underwent oxidative decomposition,
facilitating the creation of a polymer-like CEI on
the NCM90 cathode (Figures 2B, S20, and S49). The
thiophene-derived polymer-like CEI effectively modu-
lated LiFSI and FSA solvent decomposition at the cath-
ode, thereby suppressing the formation of high-resistance
LiF-based CEI and predominantly producing an electron-
rich S-based CEI. Dual AC resonance tracking electro-
chemical strain microscopy (DART ESM) and an
advanced AFM-based technique were used to quantita-
tively compare the Li* ion dynamics of the thiophene-
derived polymer-like CEI (Figure 6A).°”°® ESM measured
the surface strain induced by ion flux in response to an
applied AC voltage through a nanoscale probe, enabling
indirect assessment of ion mobility and the number of
ions contributing to the observed deformation
(Figure S50). Accurate frequency imaging, related to the
contact resonance frequency of the probe, ensured con-
sistent contact between the probe and sample, enhancing
the quality of DART ESM measurements. To evaluate
Li" ion dynamics within the CEI layer, the NCM90 cath-
odes extracted from precycled Li/NCM90 full cells were
analyzed. The x-ray diffraction (XRD) profiles of the
NCM90 cathodes were examined to assess the Li"™ ion
concentration within the CEI layer. In the literature,
shifts in the XRD peak of (113) have been established as
a reliable indicator of Li* concentration because they are
monotonic to the Li" concentrations.®” The precycled
NCMO90 cathode using the baseline electrolyte exhibited a
more pronounced (113) peak shift than the pristine cath-
ode, indicating a higher Li" ion concentration at the
cathode surface. By contrast, the precycled NCM90 cath-
ode treated with the thiophene-based electrolyte
displayed a less significant peak shift, reflecting a lower
Li" ion concentration at the surface (Figure S51). The
baseline electrolyte formed a thick and resistive CEI layer
that obscured the electrical connection between cathode
particles and grain boundaries in the ESM amplitude
images (Figure 6A). Conversely, the thiophene-derived
polymer-like CEI was uniformly distributed on the cath-
ode particle and exhibited high ESM amplitude of
15.2 pm, indicating superior Li" ion response compared
with that of the CEI formed by other electrolytes
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FIGURE 5 Observation of Li plating/stripping behaviors in real time. (A) Schematics of in situ AFM for observation of Li plating/
stripping behavior on Li-metal anodes. In situ OM images and topography of Li-metal anodes in the (B) baseline and (C) thiophene
electrolytes during cycling in Li/Li symmetric cells at 2 mA cm™ and 0.25 mAh cm ™2 Topography images were obtained between plating/
stripping. The line profiles corresponding to the red line of Li plating on the Li-metal anodes in Li/Li symmetric cells with the (D) baseline
and (E) thiophene electrolytes after three cycles. AFM, atomic force microscopy; OM, optical microscopy.
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FIGURE 6 Interfacial properties of NCM90 cathodes in Li/NCM90 full cells. (A) ESM amplitude and resonance frequency for mapping
Li* ion diffusion on NCM90 cathodes retrieved from Li/NCM90 full cells with the baseline, FEC, VC, and thiophene electrolytes after
precycling. (B) Average ESM amplitude of NCM90 cathodes extracted from Li/NCMO0 full cells with the aforementioned electrolytes.

(C) TOF-SIMS 3D rendering images with LiF~ and C,HO™ negative secondary ions on NCM90 cathodes extracted from Li/NCM90 full cells
after precycling. Disparity in electrochemical behavior of the (D) baseline and (E) thiophene electrolytes in Li/NCM90 full cells. FEC,
fluoroethylene carbonate; TOF-SIMS, time-of-flight secondary ion mass spectrometry; VC, vinylene carbonate.
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(Figure 6A,B). This finding suggests that the thiophene-
derived polymer-like CEI displayed enhanced ionic con-
ductivity. TOF-SIMS 3D imaging further revealed that
the CEI formed by the baseline, FEC-based, and VC-
based electrolytes comprised mainly resistive LiF, attrib-
uted to LiFSI salt decomposition at the NCM90 cathode
(Figures 6C and S52). By contrast, the thiophene-derived
polymer-like CEI demonstrated a more favorable compo-
sition and structure, supporting improved Li* ion trans-
fer. Moreover, the incorporation of conjugated C=C
bonds within the CEI on the NCM90 cathodes created an
electron-rich microenvironment that stabilized the inter-
face by suppressing oxidative electrolyte decomposition
during the charging process. This significantly suppressed
the formation of byproducts such as C,HO™, which are
typically generated through oxidative electrolyte decom-
position (Figures 6C and S53). Interfacial analyses of
precycled NCM90 cathodes demonstrated that the
S-based CEI formed in the thiophene-based electrolyte
exhibited superior ionic conductivity, attributed to the
unshared electron pairs of S atoms. These electron pairs
provided conduction pathways that facilitated Li* ion
mobility across the CEI, thereby reducing the interfacial
resistance (Figure S54). Meanwhile, the baseline electro-
lyte formed a resistive CEI composed of LiFSI and FSA
decomposition products, leading to persistent side reac-
tions and impeding Li* ion transport across the CEI
(Figure 6D). The narrow energy bandgap of thiophene
enabled the construction of protective interfacial layers
on both Li-metal and NCM90 cathodes. The thiophene-
embedded polymer-like SEI and S-enriched CEI
exhibited exceptional Li* transport characteristics, collec-
tively enhancing the interfacial stability and enabling
efficient Li* ion transfer through improved charge-
transfer kinetics in LMBs (Figure 6E).

24 | Cycling stability of LMBs under
lean electrolyte and high current density

FEC, VC, and thiophene additives significantly contrib-
uted to the stabilization of Li-metal interfaces, thereby
improving the cycling stability of LMBs under a low
C-rate of C/3 (Figure S55). Among these, thiophene
exhibited the most pronounced enhancement in cell per-
formance. Furthermore, the Li/NCM90 stacked pouch
cells incorporating the thiophene-based electrolyte were
designed under lean-electrolyte condition of 2.1 g Ah ™,
achieving high cell capacity of 1.04 Ah while maintaining
excellent cycling durability with an exceptionally high
average CE of 99.94% (Figure 7A). The thiophene-based
electrolyte also provided superior fast-charging capabili-
ties compared with those of other electrolytes, which is

attributed to the formation of interfacial layers with
improved Li* ion transport properties on both the
Li-metal and NCM90 cathode (Figure S56). Scanning
electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy analyses of the surfaces of NCM90 cathodes
retrieved from Li/NCM90 full cells after fast-charging
evaluations revealed pronounced intensities of the F, S,
and N signals for the baseline, FEC-based, and VC-based
electrolytes. This finding suggested significant byproduct
accumulation resulting from the decomposition of LiFSI
and FSA solvents at the NCM90 cathode (Figure S57).
Moreover, the uneven coverage of byproducts on the
NCMO90 cathode led to the formation of microcracks,
compromising their structural integrity and disrupting
uniform charge transport. By contrast, the thiophene-
derived CEI effectively enabled the uniform coverage of
the cathode particle surface, minimized electrolyte
decomposition, and substantially reduced byproduct for-
mation on the NCM90 particle compared with other elec-
trolytes. Consequently, when the cycling C-rate of
Li/NCM90 full cells was increased from C/3 to 1 C, the
thiophene-based electrolyte demonstrated enhanced dis-
charge capacity and stable CE over 150 cycles, highlight-
ing its exceptional cycling stability (Figures S55 and S58).
In comparison, the FEC-based electrolyte exhibited rapid
capacity fading of the Li/NCM90 full cells at 1 C,
displaying performance comparable to that of the base-
line. Although VC extended the lifespan of LMBs relative
to that of FEC, it exhibited severe CE fluctuations and
overcharging behavior, disrupting cycling consistency
and hastening the decline in cycle stability. Conversely,
the thiophene-based electrolyte significantly enhanced
the high-rate cycling performance of Li/NCM90 full cells
at 2 C, delivering a relatively high initial cycle capacity of
187.3 mAh g ' and stable operation without CE fluctua-
tions (Figure 7B; Figures S59 and S60). As the areal
capacity of the cathodes increases, impedance regulation
becomes crucial owing to the extended electron pathways
within the cathode and the necessity of ensuring efficient
charge transfer at the cathode-electrolyte interface.”””!
In this context, the sacrificial decomposition of the thio-
phene additive facilitated the creation of a stable and
conductive CEI, enabling efficient high-rate cycling at
cathode areal capacity of 4.1 mAh cm > under a lean-
electrolyte condition with 1.5 g Ah~'. Additionally, it
served as a physical barrier, suppressing unwanted reac-
tions of the electrolyte with the cathode. On the other
hand, the FEC and VC-based electrolytes demonstrated
cycle degradation similar to that of the baseline. This deg-
radation is attributed to restricted Li* ion mobility within
the spatially dense and rigid SEI structures, which led to
increased overpotential at elevated C-rates (Figure S60B,C).
Conversely, the thiophene-embedded polymer-like
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FIGURE 7 Fast-cycling capability of Li/NCM90 full cells with different electrolytes. (A) Cycle stability of Li/NCM90 pouch cells with the
baseline and thiophene electrolytes. The Li/NCM90 pouch cell exhibits a capacity of 1.04 Ah and an energy density of 910 Wh L. (B) Cycle stability
of Li/NCM90 coin cells with the baseline, FEC, VC, and thiophene-based electrolytes. The cells with 4.1-mAh ™ cm areal capacity of the NCM90
cathode were cycled at 2 C and 25°C. (C) Comparison of the degree of electrolyte component consumption after 100 cycles measured using **C and
'F NMR analysis, normalized using an internal reference of C¢Fs. (D) Comparison of cycle stability of Li/NCM90 full cells with the thiophene and
the state-of-the-art electrolytes under the same cycling conditions: 4 M LiFSI DEE is labeled EL1 (1 M LiPF4 + 0.1 M LiDFBP), FEC/EMC (3/7, w%)
is labeled EL2, 1 M LiPFg EC/DEC + 0.5% Sn(TOf), + 5% LiNOj is labeled EL3, 1 M LiPFs EC/DMC + 5% FEC + 0.1 M LiNO; + 0.02 M PyF is
labeled EL4, 1.1 M LiFSI DME/TTE (3/2, v%) + 0.5% PTB is labeled EL5, and 2 M LiFSI BFE is labeled EL6.”>”” FEC, fluoroethylene carbonate;
LiFSI, lithium bis(fluorosulfonyl)imide; NMR, nuclear magnetic resonance; VC, vinylene carbonate; LiDFBP, lithium difluoro(bisoxalato) phosphate;
EMC, ethyl methyl carbonate; EC/DEC, ethylene carbonate/diethyl carbonate; DME/TTE, 1,2-dimethoxyethane/1,1,2,2-tetrafluoroethyl-
2,2,3,3tetrafluoropropyl ether; PTB, potassium trifluoro(trifluoromethyl)borate; BFE, bis(2-fluoroethyl) ether.
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interfacial layer, composed of electron-rich S and conju-
gated C=C bonds, was constructed on both electrodes
via the sacrificial decomposition of thiophene, thereby
enhancing interfacial Li* transport kinetics. The unique
structural characteristics of the thiophene-embedded
polymer-like SEI, which provided effective paths for the
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FIGURE 8 Morphological and structural stability of fast-cycled NCM90 cathodes. Cross-sectional SEM images of NCM90 cathodes

retrieved from the Li/NCM90 full cells with the (A) baseline and (B) thiophene electrolytes after 100 cycles at 2 C and 25°C. Scanning
transmission electron microscopy (STEM) images with fast Fourier transform (FFT) patterns of NCM90 cathodes retrieved from the
Li/NCMOO0 full cells with the (C) baseline and (D) thiophene electrolytes after 100 cycles at 2 C and 25°C. Electrochemical behaviors of the
(E) baseline and (F) thiophene electrolytes at the electrode-electrolyte interfaces during charging. SEM, scanning electron microscopy.
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during fast cycling (Figures 7C and S61 and Table S7).
To address the charge-transfer resistance caused by
extended electronic pathways, which can function as
critical internal resistance within the NCM90 cathode
with high areal capacity, fast cycling of LMBs with
NCMS811 cathodes with lower areal capacity of 2.6 mAh
cm 2 was evaluated (Figures S62 and S63). The baseline,
FEC-based, and VC-based electrolytes, which exhibited
sluggish Li" ion insertion and extraction, caused signifi-
cant voltage hysteresis in Li/NCMS811 full cells under 3 C
and 5 C. Conversely, the thiophene-containing electrolyte
controlled the increase in voltage hysteresis during cycling
by creating an ionic-conductive CEI that enhanced the
kinetics of Li" transport. This confirmed that the opti-
mized interfacial design using the thiophene additive
achieved remarkable cycling stability, outperforming
literature-reported electrolytes in enabling fast cycling in
LMBs under the same conditions employed in our evalua-
tion (Figures 7D and S64).””7 Additionally, to distinguish
the effect of the thiophene-driven SEI, lithium nitrate, lith-
ium  difluoro(bisoxalato) phosphate, and lithium
difluorophosphate—reported as the additives to form a
highly ionic conductive SEI—were incorporated into the
baseline electrolyte for comparison of the fast-cycling capa-
bility in Li/NCM90 full cells (Figure S65). As a result,
Li/NCM90 full cells containing these additives exhibited
rapid capacity decay, indicating that fast-rate stability can-
not be achieved solely by increasing the ionic conductivity
of the SEI. The thiophene-based electrolyte formed a
conjugation-mediated interphase that enhanced Li" mobil-
ity at both electrodes and delivered stable cycling perfor-
mance across Ni-rich layered oxides, lithium iron
phosphate, and lithium cobalt oxide cathodes, demonstrat-
ing its broad applicability for diverse LMB chemistries
(Figures S66-S68). As expected, the thiophene-embedded
polymer-like SEI displayed excellent fast-cycling character-
istics, effectively alleviating Li-metal consumption and
minimizing byproduct formation resulting from the
unwanted reactions with the electrolyte at the Li metal
(Figure S69). In addition, the thiophene-derived polymer-
like CEI helped maintain the morphological stability of the
NCM90 cathode particles without severe microcracking
and thickening of the cathode during long-term cycling
(Figure 8A,B). By promoting uniform Li" ion transfer
across the thiophene-derived CEI, the structural stability of
cycled NCM90 cathodes was enhanced, mitigating cathode
structural degradation and the subsequent elution of
transition-metal ions (Figures S70 and S71 and Table S8).
These effects are attributed to two key structural features
of the thiophene-derived polymer-like CEI on NCM90
cathodes. First, the incorporation of conjugated C=C
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bonds established an electron-rich microenvironment at
the cathode surface, which mitigated oxidative electrolyte
decomposition and suppressed the reduction of high-
oxidation Ni ions (Ni** and Ni*") to Ni*". Second, the
electron-rich S moieties within the CEI maintained interfa-
cial charge neutrality during charging, further limiting the
formation of Ni**. Because the accumulation of Ni** can
promote cation mixing and trigger irreversible phase tran-
sition, it is critical for preserving the structural and electro-
chemical integrity of Ni-rich cathodes in LMBs.
Consequently, the thiophene-derived polymer-like CEI
enabled the preservation of the microstructures in the
NCMO90 cathode by suppressing the irreversible phase tran-
sition from layered to rock-salt during the rapid cycling of
the full cell (Figures 8C,D and S72). Through the electro-
chemical sacrificial decomposition of the thiophene addi-
tive, well-designed interfacial layers on both electrodes in
Li/NCM90 full cells enhanced the kinetics of Li* ion
charge transfer and achieved stable cycling of LMBs under
a wide range of cycling C-rates (Figure 8E,F). These find-
ings provide valuable insights into optimizing SEI struc-
tures using electrolyte additives to significantly improve
the fast-charging capabilities of LMBs.

3 | CONCLUSION

Designing optimal interfacial layers using a thiophene
additive in a concentrated, fluorinated electrolyte system
(3 M LiFSI FSA + 1 wt.% thiophene) enabled the rapid
cycling of high-energy Li/NCM90 full cells while conserv-
ing the structural integrity of electrodes. Strong evidence
was obtained for the construction of thiophene-
embedded interfacial layers that ensured excellent kinet-
ics of interfacial Li" ion transfer at interfaces across a
wide range of cycling C-rates and conserved high-
oxidation Ni ions in the NCM90 cathode with high areal-
capacity via charge neutralization of electron-rich S in
the CEI at highly delithiated states. Furthermore, the
thiophene-embedded polymer-like SEI features unique
architecture in which conjugated = systems involving sp>
hybridized C=C frameworks generate an electron-rich
microenvironment, and polarity switching through p,
orbitals oriented perpendicular to the SEI promotes a
uniform Li" plating/stripping process. The conjugation-
mediated and polarity-switchable SEI generates an
electron-rich microenvironment, enabling stable electro-
chemical performance across a wide range of current
densities. These interfacial structural characteristics
achieve long-life performance and stability of LMBs by
suppressing problems such as the side reaction with the
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electrolyte, electrolyte depletion, dead Li formation, and
degradation of both Li-metal and cathode interfaces.
Consequently, electrolyte additive technology that regu-
lates the interfacial structures can be integrated with vari-
ous electrolyte systems, and the interfacial architecture
demonstrated here offers a viable pathway for electrolyte
design platforms that enable the rapid cycling of LMBs.
This study establishes a new paradigm in orbital-
engineered interfacial design in LMBs, bridging
molecular-scale electronic polarization with macroscopic
fast-charging stability.

4 | EXPERIMENTAL SECTION

4.1 | Preparation of electrolyte and
electrode

Three moles of LiFSI (>99.7%, Chunbo Fine Chemicals
Co., Ltd.) was dissolved in FSA (>99.95%, Enchem) to
produce the baseline electrolyte, to which 1 wt.% FEC
(battery-grade >99.9%, Enchem), VC (battery-grade
>99.9%, Enchem), or thiophene (>99%, Sigma-Aldrich)
was subsequently added for comparative analysis of the
fast-cycling capability. After overnight stirring to ensure
complete dissociation of the 3 M LiFSI salt, calcium
hydride (CaH,, 95%, Sigma-Aldrich) was added to
remove moisture from the electrolytes. The reaction
between CaH, and moisture produced Ca(OH),, which
was subsequently filtered out. All electrolyte fabrication
processes were conducted in a glove box filled with Ar
gas (concentrations of O, and H,O: <1 ppm).

The cathode slurry was composed of 96 wt.% NCM90
as the active material, 2 wt.% carbon black, and 2 wt.%
poly(vinylidene fluoride) binder. These materials were
fully dispersed in N-methylpyrrolidone (Aladdin) and
then coated onto Al foil. Prior to electrochemical mea-
surements, the NCMO90 cathode (thickness: 68.7 pm,
loading level: 20.1 mgcm 2, areal capacity: 4.1 mAh
cm %) was dried in a vacuum oven at 110°C for 10 h. The
20-pm-thick Li-metal anode was obtained from Honjo.
For LMBs with 2032 coin-type cells, 10 pL of electrolyte
was used, corresponding to an E/C ratio of 1.5g Ah™".
For the 1.04 Ah pouch cell, the electrolyte amount was
controlled at 2.1 g Ah™", enabling evaluation under prac-
tical lean-electrolyte conditions.

A number of 2032 coin-type Li/graphite half-cells
were assembled to evaluate the stability of the SEI layer
formed on Li-metal. The graphite consisted of 97.3 wt.%
graphite active material, 2.2 wt.% binder (1.3 wt.%
styrene-butadiene  rubber and 09wt.% sodium
carboxymethyl cellulose), and 0.5 wt.% Denka Black. The
electrodes exhibited a thickness of 132.0 ym and a mass

loading of 20.76 mg cm 2.

4.2 | Electrochemical measurements

All cell fabrication processes were conducted in a glove
box filled with Ar gas (concentrations of O, and H,O:
<1 ppm). The interfacial characteristics of the electrolytes
were examined utilizing Li/Li symmetric cells and Li/Cu
cells with 2016 coin-type configurations. Prior to measur-
ing the activation energy for Li* ion transfer at the Li-
metal/electrolyte interfaces, the Li/Li symmetric cells
were precycled at 0.2mAcm * and 2 mAh cm 2
(WBCS3000, WonATech). The activation energy was
measured over the wide temperature range of 25-55°C.
The exchange current density was determined using
cyclic voltammetry over the potential range of —0.2 to
0.2 V versus Li/Li" (VSP-2e, BioLogic). The time depen-
dence of the interfacial resistance was evaluated immedi-
ately after assembling the Li/Li symmetric cells with the
different electrolytes. The interfacial resistance was
extracted by fitting the semicircle region of the Nyquist
plots. The fitting curves were generated using a nonlinear
least-squares fit of a power law (Ripterface o af’).”® %
Based on Ohm's law (V = IR), the ionic conductivity of
the SEI was calculated from the fitted interfacial resis-
tance values. Li/Cu cells were precycled at 0.2 mA cm ™2
and 2 mAh cm 2 to develop an SEI on the Li metal. Sub-
sequently, the normalized Li-corrosion current was eval-
uated by depositing Li metal on the Cu substrate and
holding at 0 V versus Li/Li" for 50 h. Li plating/stripping
behavior was subsequently observed via cycle perfor-
mance tests at various current densities ranging between
0.667 and 2 mA cm ™2, maintaining a fixed areal capacity
of 2 mAh cm ™2 The CE of the Li/Cu cells was measured
by gradually increasing the current density for Li strip-
ping from 0.2 to 2 mA cm ™, while Li was plated onto the
Cu substrate at 0.2 mA cm > Before electrochemical
evaluation, the Li/NCM90 full cells in 2032 coin-type
configurations were twice precycled between 3.0 and
4.25V versus Li/Li* at 25°C. Leakage-current measure-
ments were conducted on Li/NCM90 full cells by
maintaining the fully charged cells at 4.25V versus
Li/Li* for 10h. For rate-capability assessments,
Li/NCM90 full cells were discharged at C/3 while the
charging rate was sequentially increased from C/3 to C/2,
1C,2C,3C,5C, and 10 C. The last three cycles were
returned to C/3 to examine the recovery performance of
the LMBs. To assess fast-cycling stability, Li/NCM90 full
cells with different electrolytes were cycled at a high cur-
rent density of 8.2 mA cm 2.

4.3 | Characterization

All analyses were performed in a glove box filled with Ar
gas (concentrations of O, and H,0: <1 ppm). To examine
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the interfacial characteristics, the cells were dismantled,
and the electrodes were washed with DME to eliminate
residual electrolyte. A focused ion beam (FIB) (Helios
Nanolab 450, FEI) was utilized to examine the morphol-
ogies of deposited Li on the Cu substrate. Topography,
KPFM, in situ EC-AFM, and nanoindentation measure-
ments were performed using an MFP-3D Origin AFM
instrument (Oxford Instruments Asylum Research Inc.)
equipped with an electrochemical closed cell (EC-cell).
The other measurements were performed using an elec-
trical closed cell. Both cell types were assembled inside a
glove box, transferred to outside of the glove box, and
then integrated with the AFM head. All EC-cell measure-
ments were conducted in a liquid electrolyte, while the
electrical closed-cell measurements were performed in an
inert Ar environment (99.9999% purity). Additionally,
ESM measurements were performed using a Cypher-ES
AFM (Oxford Instruments Asylum Research Inc.). Pt/Ir-
coated tips (Electrostatic force microscopy, resonance fre-
quency 75 kHz, NanoWorld) were used for KPFM and
ESM measurements. KPFM measurements on samples
comprising SEI layers formed by the baseline electrolyte
and thiophene additive were conducted using the same
AFM tip to ensure consistent results. Surface potentials
were quantitatively compared using the reference work
function of the tip, based on Equation (3):

¢sample = ¢tip —Vcep-e, (3)

where ¢gampie Tepresents the sample work function, ¢y,
represents the tip work function, and e represents the
electronic charge.®'®> The DART mode was utilized for
ESM measurements, with an electrical-tuning step
conducted prior to measurement. The peak width was
maintained at 15 kHz, the drive frequency of the vertical
signal was approximately five times the resonance fre-
quency, and the drive amplitude was set to 5V to ensure
a stable resonance peak. A simple harmonic oscillator
calculation was performed following the measurements
to calibrate the amplified amplitude. Diamond-like
C-coated tips (a resonance frequency of 13 kHz,
BudgetSensors) were used for the in situ EC-AFM experi-
ments. A Li/Li symmetric cell was assembled in the glove
box and then connected to a galvanostat (Zive SP1,
WonATech) and the AFM head under ambient condi-
tions. Galvanostatic charge/discharge was performed
under a 2-mA cm* current density and 0.25-mAh cm >
capacity. Upon completion of each stripping and plating
step, cycling was paused, and the AFM tip was carefully
engaged with the electrode surface. Topography imaging
was then conducted over a 20 pm x 20 pm area to mini-
mize stage drift and crop the image of the same region.
After image acquisition, the tip was retracted from the

surface to prevent interference during subsequent
cycling. The focus of the optical microscope was then
adjusted to the Li-metal surface to record morphological
changes during operation. The tip position was delicately
adjusted throughout the measurement to ensure imaging
of the same region. OM images were captured every 30 s
after setting the focus on the surface before cycling.
Diamond-coated tips (resonance frequency 400 kHz,
Nanosensors) were used for nanoindentation measure-
ments. The inverse optical-lever sensitivity was calibrated
to approximately 140-150 nm V', and the spring con-
stant was set to 110-120 Nm '. Each sample was
subjected to a loading force of 5 puN. To estimate the
elastic modulus of the SEI layers while minimizing the
influence of underlying Li, the initial 20% of the force-
displacement curve was fitted using the Hertzian model
provided by Asylum Research software. SEM (SU8230,
Hitachi) was conducted under ultrahigh vacuum to
examine the morphologies of the Li-metal anodes and
the structural degradation of NCM90 cathodes in
Li/NCM90 full cells after cycling. TOF-SIMS measure-
ments were performed using a TOF-SIMS 5 instrument
(ION-TOF GmbH, Germany) to determine the oligomeric
structure of SEI on Li-metal anodes and compare the
compositions of the CEI layers on the NCM90 cathodes
after precycling in Li/NCM90 full cells with different
electrolytes. A Bi;*" primary ion beam (1.3 pA,
1000 keV) was employed for surface analysis, while a
2-keV Cs™ secondary ion beam was used for sputtering in
the negative-ion detection mode. The FSI™ anion and
FSA solvent consumption in the electrolytes during the
cycling of Li/NCM90 full cells was analyzed using '°F
nuclear magnetic resonance (NMR) spectroscopy
(AVIIIHD, 500 MHz, Bruker). The NMR spectra were
referenced to 1 wt.% hexafluorobenzene (C¢Fg) (>99.95%,
Sigma-Aldrich) in tetrahydrofuran-d8 (99.5%, NMR
grade, Eurisotop, Saint Aubin, France). Scanning trans-
mission electron microscopy (STEM, Spectra Ultra,
Thermo Fisher) with a high resolution of 200 kV was
performed to compare the structural stability of the
NMC90 cathodes in Li/NCM90 full cells with the base-
line and thiophene electrolytes after 100 cycles. Before
STEM, the NCM90 cathode surfaces were coated with a
C layer using an FIB system.

DFT Calculations: The Dmol®> program was used for
DFT calculations to evaluate the HOMO and lowest
unoccupied molecular orbital (LUMO) levels of LiFSI,
FSA, and the additives, along with the formation and
adsorption energies.*>®” The Becke three-parameter
hybrid functional integrated with the Lee-Yang-Parr cor-
relational functional was utilized to derive the exchange-
correlation energy.®® Spin-polarized and Van Der Waals
corrections were calculated via the Tkatchenko-Scheffler
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method.® All relativistic core treatments and a double
numerical plus polarization 4.4 basis set were utilized to
explain the atomic orbital basis set and core electrons,
respectively. The convergence criterion was set to
1 x 10 ® Ha for self-consistent calculation. The conver-
gence criteria were fixed to 1 x 10> Ha, 0.002 Ha A%,
and 0.005 A to maximize the energy change, force, and
displacement, respectively. To precisely simulate the
experimental conditions, the conductor-like screening
model was utilized as an implicit solvent effect. To accu-
rately capture the solvent screening effects of the electro-
lyte, the dielectric constant of FSA (i.e., 52.46) was
utilized.”>**

The thiophene radical-thiophene radical formation
energies (AEformation) Were calculated using the equation:

AE¥ormation = E'total — 2EThiophene + (1 / 2) nEm,, (4)

where E,, represents the total energy of the product,
Erhiophene Tepresents the total energy of thiophene, and
Ey, represents the total energy of H, gas. The adsorption
energy (AEagsorption) between the Li atoms and electro-
lyte (i.e., poly(FEC), poly(VC), and poly(thiophene)) was
calculated using the equation:

AEAdsorption =FE total — (E Lit+ Eelectrolyte) s (5)

where E, represents the total energy of the product,
Ey; represents the total energy of the Li atom, and
Eelectrolyte represents the total energy of the electrolytes of
poly(FEC), poly(VC), and poly(thiophene), respectively.

To investigate orbital polarization, we considered
three interface materials (i.e., poly(FEC), poly(VC), and
poly(thiophene)) for the plating and stripping processes
and constructed six model systems. In each system, Li
metal was replaced with a thermodynamically stable Li,
cluster,” and each electrolyte was modeled as trans-type
dimers—a choice guided by experimental TOF-SIMS
analysis and confirmed to be thermodynamically favor-
able by DFT calculations (Figure 2D). A system
consisting of a molecule Li cluster and dimer was placed
in a box with dimensions of 30 x 30 x 30 A®,

The orbital contributions of the proposed models
were evaluated through maximally localized Wannier
functions (MLWFs).”*°? The Wannier functions are
essentially the Fourier transform of the Bloch function
and can be considered as a localized bond/atomic-like
version of the Bloch waves. They explicitly provide a
direct, real-space picture of bonding, ¢/x, lone pairs, and
d-orbital without breaking the periodicity. The DFT calcula-
tions were performed with the Vienna Ab initio Simulation
Package,”** incorporating the Perdew-Burke-Ernzerhof”

functional within the generalized gradient approximation
as the exchange-correlation functional. The electron-ion
interaction was described by the projector-augmented
wave method.”® The electronic wavefunctions were
expanded using an energy cutoff 560 eV, with 1 x 1 x 1
Gamma-centered k-point sampling of the Brillouin zone
for the system under large vacuum. The developed
structures were optimized by relaxing all atomic
positions and constants until the residual forces and
energy difference fell below 0.01eV A™' and 107 ° eV,
respectively.
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